Abnormal tau phosphorylation occurs in several neurodegenerative disorders, including Alzheimer's disease (AD) and frontotemporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17)
. Here, we compare mechanisms of tau phosphorylation in mouse models of FTDP-17 and AD. Mice expressing a mutated form of human tau associated with FTDP-17 (tau V337M ) showed age-related increases in exogenous tau phosphorylation in the absence of increased activation status of a number of kinases known to phosphorylate tau in vitro. In a "combined" model, expressing both tau V337M and the familial amyloid precursor protein AD mutation APP V717I in a CT100 fragment, age-dependent tau phosphorylation occurred at the same sites and was significantly augmented compared to "single" tau V337M mice. These effects were concomitant with increased activation status of mitogen-activated protein kinase (MAPK) family members (extracellular regulated kinases 1 and 2, p38, and c-Jun NH 2 -terminal kinase) but not glycogen synthase kinase-3␣␤ or cyclin-dependent kinase 5. The increase in MAPK activation was a discrete effect of APP V717I -CT100 transgene expression as near identical changes were observed in single APP V717I -CT100 mice. Age-dependent deficits in memory were also associated with tau V337M and APP V717I -CT100 expression. The data reveal distinct routes to abnormal tau phosphorylation in models of AD and FTDP-17 and suggest that in AD, tau irregularities may be linked to processing of APP C-terminal fragments via specific effects on MAPK activation status.
Abnormal phosphorylation of the microtubule-associated protein tau is a feature of several neurodegenerative disorders, including Alzheimer's disease (AD) and frontotemporal dementia with Parkinsonism associated with chromosome 17 (FTDP-17) (43) . Recent efforts to discern the molecular pathology of tau dysfunction in these disorders have focused on the enzymes capable of phosphorylating tau, the so-called tau kinases, which include glycogen synthase kinase 3␤ (GSK-3␤) (11) , cyclin-dependent kinase 5 (cdk5) (11, 30) , and the mitogen-activated protein kinase (MAPK) family members, extracellular regulated kinases 1 and 2 (ERK1/2) (10, 39), p38 (4) , and the c-Jun NH 2 -terminal kinases (JNKs) (40) . However, as most previous data have been obtained in vitro, often using cell-free systems or cell lines, the manner and extent to which any of these tau kinases may be causally implicated in the disease condition remains unknown. The present work, therefore, utilized transgenic mouse models of relevance to FTDP-17 and AD to examine tau phosphorylation and kinase function in intact brain tissue. The FTDP-17 model expressed the V337M (valine to methionine) tau mutation (38) , which is associated in humans with severe behavioral and cognitive symptoms accompanied by widespread tau filamentous brain pathology (42, 46) . For the AD model, we expressed the familial AD V717I (valine to isoleucine) "London" mutation (13) within a 100-amino-acid carboxy-terminal (C-terminal) fragment of the human amyloid precursor protein (APP-CT100), which encompasses the ␤ amyloid (A␤) sequence (6) . The APP V717I substitution is associated with an aggressive early-onset dementia and a characteristic increase in the long amyloidogenic form of A␤ (A␤ ) in AD brain (36) .
Our development of the FTDP-17 and AD models allowed us to address a number of additional questions by crossbreeding the single transgenic mice to produce a "combined" transgenic mouse. Hence, comparisons across the transgenic lines of the extent of tau phosphorylation and the activity status of kinases known to phosphorylate tau provided an analysis of any differences between the tauopathy models and also evidence of interactions between tau and APP C-terminal fragment metabolism. This latter possibility, which is of specific relevance to AD where tauopathy and amyloidopathy coexist, has been suggested by data obtained with neuronal cell lines showing that A␤ can activate GSK-3␣␤ and ERK1/2, both tau kinases (39, 48) . However, the most compelling data derive from in vivo studies, where injection of A␤ fibrils into the brains of mice expressing an FTDP-17 mutation leads to increased numbers of neurofibrillary tangles (18) . Mice expressing familial AD APP and FTDP-17 tau mutations in combina-tion have also shown increased formation of tau-positive neuropathology compared to mice expressing only the tau mutation (31) . To examine the evidence of possible cross talk between tau and APP C-terminal fragments in more detail, the present work focused on molecular aspects of tau phosphorylation. The work also used behavioral tests, including a task of olfactory memory, to assess the functional effects of any molecular changes identified.
in a constant flow of reducer for 4 min. After being washed in distilled water, slides were toned with 0.1% gold chloride for 2 min, washed in distilled water, and fixed in 5% sodium thiosulphate.
A␤ and A␤ ELISA. The levels of A␤ and A␤ in soluble and insoluble brain fractions in snap-frozen brain hemispheres were quantified by enzyme-linked immunosorbent assay (ELISA) as previously described (27) . Brain samples were weighed and sonicated in phosphate-buffered saline containing 2% SDS with 50 mM protease inhibitor cocktail (Roche). Samples were centrifuged at 100,000 ϫ g at 4°C for 1 h, and the supernatant (comprising the soluble fraction) was removed. Following the addition of 70% formic acid to the pellet, the samples were sonicated and centrifuged at 100,000 ϫ g at 4°C for 1 h, and the supernatant (the insoluble fraction) was removed. Samples were assayed for human A␤ and A␤ with commercial ELISA kits (Biosource International, Camarillo, Calif.). Mouse monoclonal antibodies specific for the N terminus of human A␤ (the capture antibody) were coated onto wells in a microtiter plate. Brain samples and A␤ and A␤ 1-42 standards of known concentration were pipetted into the wells, followed by a rabbit anti-mouse antibody specific for the amino acid sequence (amino acids 1 to 40 or 1 to 42) of A␤ (the detection antibody). The bound detection antibody was identified with an alkaline phosphatase-labeled donkey anti-rabbit antibody, producing a fluorescent signal.
Comparison with the standard curve allowed the calculation of absolute values, in picomoles per gram of brain tissue.
Preparation of membrane protein. Samples of freshly dissected brain tissue (between 100 to 150 mg [wet weight]) were placed into 2-ml capacity Lysing Marix D tubes (Q-Biogene, Bedfordshire, United Kingdom) containing 1 ml of ice-cold homogenization buffer (20 mM Tris-HCl, 1 mM EGTA, 1% Triton [pH 7.4]). The homogenization buffer contained a cocktail of protease (10 g of leupeptin/ml, 1 g of soya bean trypsin inhibitor/ml, 0.2 mg of bacitracin/ml, 1 mM aminoethylbenzylsulphonyl fluoride [AEBSF], 1 mM benzamidine hydrochloride) and phosphatase inhibitors (1 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 10 mM ␤-glycerophosphate, and 50 mM sodium fluoride). Lysates were prepared by vigorously shaking the tubes for three bursts of 20 s each with a ribolyser (Hybaid, Cambridge, United Kingdom). Homogenates were centrifuged at 4°C for 10 min at 100 ϫ g to remove debris. Supernatants were recentrifuged for 60 min at 20,000 ϫ g, and the pellets were resuspended in Tris-buffered saline at a final protein concentration of 4 mg/ml. The cytosolic fractions were also retained.
Quantitative Western blotting. Sagittally dissected brain hemispheres, further dissected into forebrain (including olfactory bulbs, cerebral cortex, and hippocampus) and hindbrain (including pons, cerebellum, and brainstem) were homogenized in a cocktail of proteinase and phosphatase inhibitors containing 20 mM Tris-HCl (pH 7.4), 1 mM ethylene glycol-bis(2-aminoethyl)-N,N,NЈ,NЈ,-tetraacetic acid (EGTA), 1% Triton X-100, 1% pyrophosphate, 1% orthovanadate, 1% beta-glycophosphate, 5% NaF, and a protease inhibitor tablet (Roche, Lewes, United Kingdom). The isolated proteins were separated by standard SDS-polyacrylamide gel electrophoresis with 10% polyacrylamide gels unless otherwise stated. Following transfer onto nitrocellulose membrane, detection was made using a panel of primary antibodies to tau and APP: human tau (T14 clone; Zymed); human and mouse tau (BR133; kindly donated by M. Goedert); phospho-tau-S 202 /T 205 (AT8 epitope) and phospho-tau-T 231 (AT180 epitope) (Innogenetics); phospho-tau-S 199 , phospho-tau-S 262 , and phospho-tau-S 422 (Biosource International); and human and mouse APP (C terminus) (Sigma). Blots were also probed with antibodies to the phosphorylated and/or total forms of ERK1/2, GSK-3␣␤, p38, JNK, and p35. All antibodies were from Cell Signaling Technologies, with the exception of total ERK1/2 and p35 (Santa Cruz), GSK-3␤ (Transduction Laboratories), and phospho-GSK-3␣␤-Y 216/279 (Sigma). Blots were probed with peroxidase-labeled secondary antibodies (Amersham) and visualized with ECL-Plus (Amersham). The Western blots shown are a representative of at least three separate experiments and were quantified by detecting emitted chemiluminescence with the GeneGnome detection system (Syngene Bio Imaging). All data were normalized to the amount of ␤-actin staining and were expressed as means Ϯ standard errors of the mean (SEM).
Behavioral testing. Mice were tested on a rotarod apparatus to assess motor coordination and balance (Rotarod 7650 accelerating model; Ugo Basile, Biological Research Apparatus, Varese, Italy) (5). The mice received two training sessions of four trials at 10 to 15 rpm, sufficient to reach a baseline level of performance. The following day, mice were tested at six speeds ranging from 10 to 44 rpm. During training and test sessions, the latency to fall at each speed was recorded up to a maximum of 60 s. Locomotor activity testing took place in clear Perspex boxes containing two transverse infrared beams, spaced equally along the length of the box. The number of beam breaks during consecutive 120-min sessions over 3 days was recorded by a computer as described previously (24) .
Olfactory memory functioning was assessed using the social transmission of (44) . Assessment took place over a 7-day period during which normal home cage food was restricted. Demonstrator animals (120 days old; 129sv*C57BL/6J) were housed in the same holding rooms as the test mice and were maintained on the same food-restricted regime. In keeping with the Home Office project license conditions, no animal was permitted to lose more than 20% of free-feeding body weight. Any mouse exceeding this criterion was removed from the experiment and returned to ad libitum feeding. Two habituation sessions were undertaken on consecutive days in which the mice were permitted to freely explore the test arena for 30 min and a single food dispenser filled with 2 g of powdered standard laboratory chow was placed in the arena. A test of basic olfaction was undertaken prior to the STFP test, during which two food dispensers were placed into the test arena. One dispenser contained powdered standard laboratory chow, and the other contained powdered chow mixed with ginger (2%) or coriander (1%). Equal amounts of each food type were put into the dispensers, and the mice were allowed 30 min of free exploration. During the social interaction phase, demonstrator mice were given access to powdered chow mixed with one of four aromas (1% cocoa, 1% coffee, 1% nutmeg, and 0.1% cumin) for 2 h (the cued food). Food consumption was monitored, and demonstrator mice were only used in the ensuing social interaction if they had consumed more than 0.4 g of cued food. For the social interaction, test mice were placed in the arena with two demonstrator mice (sedated with 15 mg sodium of pentobarbitone-Sagatal/kg of body weight intraperitoneally), and the mice were left to interact for 5 min. In the 24-h memory test, the test mice were presented with a choice between two food dispensers, one containing powdered food mixed with the same aroma used in the social interaction (the cued food) and the other mixed with a novel aroma (uncued food).
Following the 30 min of exploration and food consumption, the mice were returned to ad libitum food in the home cage. From the social interaction session, the number, latency, and duration of contacts with the demonstrator's mouth region was calculated. In sessions where food was present, the amount of food consumed was calculated, and the plain food (olfaction test) and cued food preferences (memory tests) were calculated from the total food consumed. Statistics. Quantitative data from the A␤ ELISA were analyzed by four-way analysis of variance (ANOVA) with the following factors: genotype (wild type, APP V717I -CT100, and combined tau V337M ϫ APP V717I -CT100), age (6 and 12 months), species (A␤ and A␤ , and fraction (soluble and insoluble). Quantitative data from the GeneGnome detection system assessing the level of mouse APP were analyzed by one-way ANOVA with the genotype factor (wild type, tau V337M , APP V717I -CT100, and tau V337M ϫ APP V717I -CT100). Data examining levels of human tau V337M transgene and the tau phosphorylation epitopes in the tau V337M and combined tau V337M ϫ APP V717I -CT100 mice were analyzed separately by Student's t test. This discrete manner of analysis was required because of potential differences in the affinities of the individual antibodies used to recognize the various tau phosphorylation sites. Similarly, the quantitative data examining the extent of endogenous tau kinase phosphorylation occurring in all four lines of mice were analyzed in terms of each separate tau kinase epitope. These data were compared using one-way ANOVA with the genotype factor (wild type, tau V337M , APP V717I -CT100, and tau V337M ϫ APP V717I -CT100). Note that the age factor (6 and 12 months) was not used as a comparison in the Western analysis because tissue from these age groups was assessed separately of necessity (see above). Rotarod and locomotor activity data, assessed for mice that were 12 months old, were analyzed by separate two-way ANOVA with the following factors: speed (10, 15, 17.1, 21.8, 24, 26.1, and 44 rpm) and genotype (wild type, tau V337M , APP V717I -CT100, and tau V337M ϫ APP V717I -CT100), and session (days 1, 2, or 3) and genotype (wild type, tau V337M , APP V717I -CT100, and tau V337M ϫ APP V717I -CT100), respectively. The data from the STFP test of olfaction were analyzed by two-way ANOVA with the genotype (wild type, tau V337M , APP V717I -CT100, and combined tau V337M ϫ APP V717I -CT100) and age (6 and 12 months) factors. The data quantifying the time spent in close proximity to the demonstrator's mouth regions during the STFP social interaction session was analyzed by two-way ANOVA with the genotype and age factors. The preference for the cued food and total amount of food consumed were assessed separately in the test of olfactory memory by two-way ANOVA with genotype and age factors. All data were analyzed with the SAS statistical package (SAS Institute, Inc., Cary, N.C.).
RESULTS
Characterization of the transgenic mouse lines. Expression of both tau V337M and APP V717I -CT100 transgenes was under the control of the brain-specific modified mouse Thy-1 promoter (51) . Following initial reverse transcription-PCR and Western blot analysis to confirm that expression of the transgenes had been successful and was limited to brain tissue, hemizygotes from the tau V337M and APP V717I -CT100 lines were cross-bred to produce wild type, tau V337M hemizygotes, APP V717I -CT100 hemizygotes, and tau V337M ϫ APP V717I -CT100 combined hemizygotes, according to Mendelian ratios. In situ hybridization data obtained with sagittal brain sections indicated a degree of similarity in terms of expression patterns of the human tau V337M and human APP V717I -CT100 transgenes ( Fig. 1 ). In particular, high levels of expression of both transgenes were found throughout the cortex, hippocampus, and a number of hindbrain regions including the pons. By contrast, very little expression was evident in the striatum. Qualitative differences in transgene expression were observed in cerebellum, with substantial levels of APP V717I -CT100 and minimal levels of tau V337M . Importantly, no evidence of interactions between the transgenes was identified in terms of gross differences in levels or localization when the combined line was compared to either of the single transgenics. Furthermore, exogenous transgene expression had no effects on the levels of endogenous (i.e., murine) transcripts for APP and tau. Immunohistochemical assessment of the transgene protein products revealed that the spatial distribution of APP-CT100 in both the APP V717I -CT100 and combined mice was similar and widespread throughout the brain ( Fig. 2A and B) . Immunostaining for APP-CT100 ( Fig. 2A ) was most intense in the cortex and hippocampus, whereas very little staining was visible in the striatum. In the tau V337M hemizygote and combined tau V337M ϫ APP V717I -CT100 mice, immunostaining for the human tau mutated protein was especially evident in neurones of the cortex, hippocampus, pons, and brainstem (Fig. 2B ).
Western analysis of mouse brain protein using an antibody that cross-reacts with human and mouse APP identified a strong immunoreactive product of approximately 85 kDa, consistent with the predicted size of mouse APP, which was uniform in intensity between wild type and transgenic mice (Fig.  2C) . Quantification of the chemiluminescence using the GeneGnome detection system revealed no effect of genotype on the level of mouse APP protein.
The mean values as a percentage of wild type, where the value of the wild type was set at 100%, were as follows. For forebrain, the values were wild type, 100% Ϯ 9.14%; APP V717I -CT100, 101.84% Ϯ 0.79%; tau V337M , 96.65% Ϯ 23.18%; tau V337M ϫ APP V717I -CT100, 86.38% Ϯ 11.05%; F 3,11 , 0.2396 (not significant [n.s.]). For the hindbrain, the values were wild type, 100% Ϯ 8.86%; APP V717I -CT100, 126% Ϯ 28.10%; tau V337M , 113% Ϯ 28.26%; tau V337M ϫ APP V717I -CT100, 138% Ϯ 28.36%; F 3,11 , 0.44 (n.s.). Immunoreactivity with a molecular weight expected for the APP-CT100 fragment could only be detected in the APP V717I -CT100 and combined tau V337M ϫ APP V717I -CT100 mice (Fig. 2C) . Quantification of the chemiluminescence detected was difficult due to the weak nature of the signal obtained for the APP-CT100 fragment. However, visual inspection suggested that human APP-CT100 transgene protein expression was approximately 20% of that of mouse APP in both APP V717I -CT100 and combined tau V337M ϫ APP V717I -CT100 transgenic mice. The APP-CT100 fragment could not be detected in a cytosolic extract of brain tissue but was copurified with other membrane-associated proteins (Fig. 2C) . When the phosphorylation-independent T14 antibody, which is selective for human tau, was used, immunoreactivity of the correct molecular mass (55 to 60 kDa) could only be detected in the tau V337M and combined tau V337M ϫ APP V717I -CT100 mice (Fig. 2C) . Quantification of the chemiluminescence detected using the phosphorylation-independent BR133 antibody, which recognized both mouse and human tau, showed that twice as much human tau was expressed in the tau V337M and combined transgenic animals as compared to the endogenous levels of mouse tau (Fig. 2C ). There was no significant difference in the level of human tau protein between the tau V337M and combined tau V337M ϫ APP V717I -CT100 mice, and the level of mouse tau protein was unaffected by transgene expression.
Expression of the APP V717I -CT100 transgene led to the production of A␤ and the deposition of diffuse, noncongophilic extracellular A␤ plaques from 6 months of age in both the APP V717I -CT100 (Fig. 3A) and combined tau V337M ϫ APP V717I -CT100 (Fig. 3B) mice. Immunohistochemistry using A␤-specific antibodies revealed a widespread distribution of accumulations in the brain parenchyme and cerebral blood vessels. Staining for A␤ was most intense in the cortex and hippocampal regions but was also found in other brain regions, including the olfactory bulbs and hindbrain. The data from a quantitative ELISA assay are shown in Fig. 3C . Reflecting the specificity of the antibodies used in the ELISA to human A␤ species, very low levels were identified in brain tissue taken from wild-type mice; as a result, the data obtained in APP V717I -CT100 and combined tau V337M ϫ APP V717I -CT100 tissues were normalized to that of the wild type. Both human A␤ and A␤ 1-42 species were identified within the brains of APP V717I -CT100 and combined tau V337M ϫ APP V717I -CT100 mice from 6 months of age onward. No effect of genotype (F 1,48 ϭ 2.21 [n.s.]) on levels of either species of A␤ was identified in the soluble and insoluble brain fractions, indicating no effect of the tau V337M transgene on levels of A␤. In addition, no main effect of age (F 1,48 ϭ 0.11 [n.s.]) or interaction between genotype and age was identified (F 1,48 ϭ 0.28 [n.s.]) in terms of levels of A␤. A comparison of the particular A␤ species present in the brain samples revealed that significantly more A␤ 1-42 than A␤ 1-40 was present in both soluble and insoluble brain fractions from the APP V717I -CT100 and combined tau V337M ϫ APP V717I -CT100 mice (effect of species; F 1,48 ϭ 23.06, P Ͻ 0.0001). In addition, there was an effect or fraction, representing the fact that significantly more A␤ of both species was found in the insoluble fraction (F 1,48 ϭ 75.37; P Ͻ 0.0001); an interaction between species and fraction was also identified, relating to the high levels of A␤ found to be present in the insoluble brain fraction (F 1,48 ϭ 51.19; P Ͻ 0.0001), which formed the major species of A␤ found in the brains of the APP V717I -CT100 and combined tau V337M ϫ APP V717I -CT100 mice.
Staining for phosphorylated tau in sections taken from 6-month-old tau V337M and combined tau V337M ϫ APP V717I -CT100 mice, using the AT8 (S 202 /T 205 ) phospho-specific antibody, provided evidence of widespread phosphorylation of tau protein (Fig. 4) . The spatial staining patterns in tau V337M (Fig.  4A ) and combined tau V337M ϫ APP V717I -CT100 mice (Fig. 4B) were very similar, with the highest levels of immunoreactivity Fig. 4C and D) . No specific staining could be identified in hippocampal or cortical regions of the brain. Site-specific phosphorylation of tau. The extent and nature of human tau phosphorylation in the tau V337M and combined mice were examined in protein extracts of fore-and hindbrain by using quantitative Western blotting and a panel of tau phosphorylation-specific antibodies selective for discrete sites known to be phosphorylated in FTDP-17 and AD. A total of 25 potential sites for phosphorylation (40) have been identified to date in human tau, many of which are serine or threonine residues that are immediately followed in sequence by proline. Several proline-directed kinases, including GSK-3␣␤, cdk5/ p25, ERK1, ERK2, p38, and JNK, phosphorylate tau at these sites in cell-free systems, although with different efficiencies (2) . Members of the MAPK family (ERK1, ERK2, p38, and JNK) show essentially equivalent substrate specificities towards tau and can phosphorylate S 422 (40) as well as S 202 and T 205 , the epitope of the AT8 monoclonal antibody, which can also be phosphorylated by GSK-3␣␤ (15) . In contrast, S 199 has been shown to be an effective site for phosphorylation by GSK-3␣␤ and cdk5 but does not appear to be a selective substrate for the MAPKs (25, 40) . Phosphorylation of T 231 can be brought about by both MAPKs and GSK-3␣␤ (40); phosphorylation of this site in tau, as well as S 262 (which is not a suitable substrate for either enzyme family), is required for maximal inhibition of its binding to microtubules (41) .
Analysis of equivalent amounts of protein from the wild-type and transgenic mice with a phosphorylation-independent antibody specific to human tau confirmed that the level of human tau protein translation in forebrain and hindbrain samples was similar in both the tau V337M and combined mice at 6 or 12 months of age ( Fig. 5A and B) . In contrast, the extent of human tau phosphorylation varied substantially and was dependent on genotype and age. At 6 months of age (Fig. 5A) , phosphorylation at the S 202 /T 205 (AT8) and T 231 (AT180) epitopes was detected in both the tau V337M and combined tau V337M ϫ APP V717I -CT100 mice. Phosphorylation of endogenous mouse tau was not observed in APP V717I -CT100 mice with these antibodies. Further examination of the blots showed that phosphorylation at both epitopes and in both fore-and hindbrain samples was markedly elevated in the combined tau V337M ϫ APP V717I -CT100 transgenic mice in comparison to the single tau V337M mice. Subsequent quantification of the phosphorylation at the S 202 /T 205 site using the GeneGnome detection system (Fig. 5C ) confirmed a significant (approximately twofold) difference between the combined and single tau V337M transgenic mice. Quantification of the T 231 epitope was not possible, due to low absolute levels of signal. A similar pattern of phosphorylation at the S 202 /T 205 and T 231 sites was seen with mice at 12 months of age in that the blot data (Fig.  5B) indicated augmented phosphorylation at these epitopes in the combined mouse compared to the tau V337M genotype. Again, the signal from the T 231 epitope was not sufficient for accurate quantification by the GeneGnome detection system, but the S 202 /T 205 data showed significant increases in the combined mouse compared to the tau V337M genotype (Fig. 5D ). Phosphorylation at S 422 , an additional site phosphorylated by the MAPKs in AD and FTDP-17 brain (20), was barely detectable in mice examined at 6 months of age, but by 12 months of age marked immunoreactivity was present in tau V337M and combined tau V337M ϫ APP V717I -CT100 mice (Fig. 5B) . As with the S 202 /T 205 and T 231 sites, quantification of the blots showed that this change was more evident in the combined mice than in the tau V337M mice in both fore-and hindbrain samples (Fig. 5D) . In marked contrast, phosphorylation at the GSK-3␣␤-and cdk5-sensitive site, S 199 , was completely indifferent to either age or genotype. Instead, phosphorylation at this site was detected at 6 and 12 months of age and no difference in phosphorylation levels was identified between the combined tau V337M ϫ APP V717I -CT100 and single tau V337M mice (Fig. 5A and B) . Quantification of the chemiluminescence confirmed this finding. For 6-month-old forebrain, data were as follows: tau V337M , 24% Ϯ 2.1%; tau V337M ϫ APP V717I -CT100, 23.9% Ϯ 1.2%. For 6-month-old hindbrain, data were as follows: tau V337M , 22.9% Ϯ 1.4%; tau V337M ϫ APP V717I -CT100, 23% Ϯ 2.8%. For 12-month-old forebrain, data were as follows: tau V337M , 27% Ϯ 5.5%; tau V337M ϫ APP V717I -CT100, 26% Ϯ 1.9%. For 12-month-old hindbrain, data were as follows: tau V337M , 25% Ϯ 0.5%; tau V337M ϫ APP V717I -CT100, 25% Ϯ 1.4%. Furthermore, the immunoreactivity observed was common to both human and endogenous mouse tau. Phosphorylation at S 262 (a site not phosphorylated by either the MAPKs or GSK-3␣␤) (3, 14) was characterized by very low levels of immunoreactivity at both 6 and 12 months of age that was common to the endogenous mouse tau across all genotypes but was effectively absent in human tau in the combined tau V337M ϫ APP V717I -CT100 and tau V337M mice. This negative finding was of note, as phosphorylation of tau at this non-proline-directed kinase epitope is a key pathological marker that has been shown to have the effect of strongly reducing the binding of tau to microtubules (3) and that forms between APP V717I -CT100 or tau V337M and the combined mice (not shown). A section from the prefrontal cortex (wild-type littermate) is representative of the level of staining throughout wild type littermate brains. Scale bar, 100 m. The data are representative of four independent samples per group. (C) The levels of exogenous human APP-CT100 and tau protein relative to mouse APP and tau were assessed by Western blotting. Protein from forebrain tissue extracts of wild-type (WT) mice and transgenic mice expressing human APP V717I -CT100 alone (CT100), human tau V337M alone (Tau), or both transgenes (COM) was separated on a 15% polyacrylamide gel and transferred onto nitrocellulose. The blot was probed with an antibody which recognizes both mouse and human APP within the C terminus. The running position of molecular mass marker proteins is shown (left panel). To establish that the CT100 fragment was localized to the plasma membrane, samples of cytosolic and membrane proteins were analyzed by SDS-15% polyacrylamide gel electrophoresis. Either ␤-actin or G␣ o was used to assess protein loading, and detection was made with an anti-APP (C-terminal) antibody. Whole-tissue extracts were also analyzed with antibodies to ␤-actin to show consistency of protein loading and antibodies which recognize either human tau or both human and mouse tau (BR133) (center panel). Quantification of the levels of human and mouse tau was undertaken with the GeneGnome detection system (right panel).
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a major component of paired helical filament tau extracted from AD brain (21) . Failure to see changes at the S 262 site may indicate a limitation of the models; alternatively, such changes may become manifest at later time points. Taken together, the data indicated highly selective effects of the human tau V337M mutation and an augmentation of tau phosphorylation at the same sites in the combined tau V337M ϫ APP V717I -CT100 mouse, the latter indicating an effect of the mutated carboxyterminal fragment of human APP (APP V717I -CT100) on tau phosphorylation.
Changes in kinase activity. To examine if a concomitant increase in the activity status of endogenous MAPKs could be observed in those transgenic models where increases in tau phosphorylation had been detected, the activities of the major proline-directed kinases known to phosphorylate tau were assessed by Western blot analysis. As activity of the MAPK family and GSK-3␣␤ is controlled by their phosphorylation at specific sites (8, 10), phospho-specific antibodies were again used to assay the activity status of ERK1/2, p38, JNK, and GSK-3␣␤ in 6-and 12-month-old animals. The levels and phosphorylation status of the MAPKs are shown in Fig. 6 . While the absolute levels of the kinases were equivalent across all mouse models, the pattern of kinase phosphorylation was dependent on genotype and age, as was found to be the case FIG. 5. Phosphorylation of human tau. Lysates extracted from the forebrain and hindbrain of wild-type mice (WT) and transgenic mice expressing human APP V717I -CT100 alone (CT100), human tau V337M alone (Tau), or both transgenes (COM) were analyzed by Western blotting at 6 (A) and 12 (B) months of age. The extent of phosphorylation was determined with a panel of phospho-dependent antibodies specific to particular epitopes. In all cases, equivalent amounts of protein were assessed, and the chemiluminescence emitted from identically sized areas on the nitrocellulose membrane was quantified (C and D) with the GeneGnome imaging system following normalization to the amount of ␤-actin in each sample. Note that a distinction between the phosphorylation of human mutated tau V337M (h) and endogenous mouse (m) tau at S 199 could be made as a result of the retarded electrophoretic mobility of the human form. (C and D) For the quantitative data shown, mean values Ϯ SEM for three independent samples per group for the relevant transgenic lines were expressed as percentages of the mean control WT value, which was set at 0%. Note the change of scale between forebrain and hindbrain ordinates. As noted in Materials and Methods, the data from individual antibodies were analyzed separately, due to potential differences in antibody affinities. The key statistical comparisons showing increased levels of phosphorylation at MAPK consensus sites in the combined tau V337M ϫ APP V717I -CT100 line are shown by the joined or dotted lines, where *** indicates COM values statistically significant from those obtained for Tau (P Ͻ 0.001) and * indicates COM values statistically significant from those obtained for Tau (P Ͻ 0.05), by Student's t test.
with tau phosphorylation. The tau V337M mutation alone had no effect on the phosphorylation status of any of the MAPKs, revealing dissociations between the impact of this manipulation on tau phosphorylation and cognate tau kinase function. In contrast, the combined tau V337M ϫ APP V717I -CT100 mice did show activations of the MAPKs, but in an age-related manner. Thus, at 6 months of age (Fig. 6A ), there were detectable increases in the phosphorylation and hence activity status of ERK1/2 and p38. At 12 months of age (Fig. 6B) , ERK1/2 phosphorylation had returned to wild-type baseline levels, but JNK phosphorylation was now elevated and p38 phosphorylation levels remained high. The increased activation status of MAPKs in the combined tau V337M ϫ APP V717I -CT100 mice appeared to be a discrete effect of APP V717I -CT100 transgene expression, as near-identical changes in MAPK phosphorylation were observed in the single APP V717I -CT100 transgenic mouse line. Thus, statistical quantification of the phosphorylation of ERK1/2 at 6 months (Fig. 6C) showed the approximately 50% increase in the APP V717I -CT100 and combined mice to be closely comparable. Similarly, at 12 months the levels of JNK phosphorylation were not significantly different between the APP V717I -CT100 and combined FIG. 6 . Changes in the activity of MAPK family members. Lysates extracted from the forebrain and hindbrain of wild-type mice (WT) and transgenic mice expressing human APP V717I -CT100 alone (CT100), human tau V337M alone (Tau) or both transgenes (COM) were analyzed by Western blotting at 6 (A) and 12 (B) months of age with phospho-specific (-P) and hence activity-dependent antibodies to members of the MAPK family. Quantification using the GeneGnome imaging system was normalized to the amount of ␤-actin in each forebrain and hindbrain sample and is shown for the total levels (open bars) and phosphorylated forms (hatched bars) of ERK1/2 and of the JNKs at 6 (C) and 12 (D) months of age. Values are expressed as percentages of the mean WT value Ϯ SEM for three independent samples per group (the mean WT values was set as 100%). Comparison of kinase activities by ANOVA showed a significant main effect of genotype on ERK1/2 activity in mice at 6 months of age in both forebrain (F 3,11 ϭ 80.60; P Ͻ 0.0001) and hindbrain (F 3,11 ϭ 13.69; P Ͻ 0.01). Post hoc analysis using Tukey's test showed that this was due to increased activity specifically in the APP V717I -CT100 and combined mice. Further analysis indicated no difference between the activation levels of ERK1/2 in these two lines in either fore-or hindbrain samples (joined lines). At 12 months of age, comparison by ANOVA of kinase activities showed a significant main effect of genotype on JNK activity in both forebrain (F 3,11 ϭ 28.71, P Ͻ 0.0001) and hindbrain (F 3,11 ϭ 30.23, P Ͻ 0.0001), which post hoc analysis using Tukey's test again showed to be due to increased activity specifically in the APP V717I -CT100 and combined mice. As with ERK1/2, further analysis indicated no difference between the activation levels of JNK in these two lines in either foreor hindbrain samples (joined lines).
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tau V337M ϫ APP V717I -CT100 mice but were approximately 2.5-fold higher than levels for wild-type littermates (note that quantification of p38 chemiluminescence by the GeneGnome detection system was not possible due to low signals). There were, in addition, no obvious distinctions between the qualitative changes observed in the kinase activity status across the transgenic mice lines for samples taken from forebrain and hindbrain. Consistent with the previous findings indicating no change in tau phosphorylation at the S 199 site, the activity status of GSK-3␣␤ and/or cdk5 was indifferent to either genotype or age (Fig. 7) . GSK-3 consists of ␣ and ␤ isoforms, which are critical downstream elements of the PI3K/Akt cell survival pathway (8) . Their activities are inhibited by Akt-mediated phosphorylation at S 21 of GSK-3␣ and S 9 of GSK-3␤. It has also been reported that phosphorylation at Y 279/216 of GSK-3␣␤ can enhance the activity status of these kinases once the inhibition by dephosphorylation at S 21/9 is alleviated (19) . However, as illustrated in Fig. 7 , no change in the phosphorylation status of either site for GSK-3␣␤ could be detected across the transgenic models at 6 and 12 months of age. To monitor the activity of cdk5, the relative ratio of p35 to p25 in brain samples was determined (30) . An increase in the activity of cdk5 (as would be indicated by the loss of p35 expression with a concomitant increase in p25 levels) was not observed for any of the mouse lines at either 6 or 12 months of age.
Motoric function of transgenic mice. In previous work examining tau FTDP-17 mutations in mice (using the P301L mutation driven by the mouse prion promoter), an association between transgene expression and profound motor disturbances leading to hindlimb paralysis was observed, with symptoms emerging from as early as 4.5 months of age (32) . Assessments carried out using the rotarod and locomotor activity apparatus indicated no such motoric deficits in the tau V337M and combined tau V337M ϫ APP V717I -CT100 mice when measured at 3, 6, and 12 months. The 12-month data for the rotarod and locomotor activity performance is shown in Fig.  8A and B. For the rotarod data, there was a main effect of speed (F 6,196 GSK-3␣␤ and cdk5 activities are unaffected in transgenic mice expressing human mutant APP V717I -CT100 and/or tau V337M . Protein lysates extracted from the forebrain and hindbrain of wild-type mice (WT) and transgenic mice expressing human APP V717I -CT100 alone (CT100), human tau V337M alone (Tau), or both transgenes (COM) at 6 (A) and 12 (B) months of age were analyzed by Western blotting. GSK-3␤ expression remained unchanged between samples from all mouse models, as did the phosphorylation status of GSK-3␣␤ at S 21/9 (GSK-PS) and Y
279/216
(GSK-PY). The antibody to the total form of GSK-3 only recognizes the ␤ isoform. The ratio of p25 to p35 also remained consistent, suggesting that the activity of cdk5 was unaffected by transgene expression. Consistency of protein loading was substantiated by the levels of ␤-actin (not shown). The chemiluminescence emitted for GSK-3␣␤ was quantified using the GeneGnome imaging system and normalized to the amount of ␤-actin in each sample. Values for forebrain and hindbrain samples at 6 (C) and 12 (D) months are expressed as a percentage of the mean WT value Ϯ SEM for three independent samples per group. The WT value was set at 100%. Quantification is shown for the total levels of GSK-3␤ (open bars) and for GSK-3␣␤ forms phosphorylated at S 21/9 (hatched bars) and Y 216/279 (grey bars). ). There were also negative data for several other behavioral tests including the SHIRPA protocol, novelty place preference, and prepulse inhibition of acoustic startle (data not shown). Additionally, the general health of all the mouse lines was good, and there was no evidence of any departure from Mendelian ratios indicative of transgene effects on prenatal and/or perinatal lethality.
Cognitive deficits in transgenic mice. To assess the impact of the molecular changes identified on cognition, memory functioning was assayed using the STFP paradigm, an olfactory memory task that uses conspecifics as a source of information to guide mice in their food choice. Olfactory-based behaviors can be confounded by general anosmia; therefore, the task incorporated a test of basic olfactory discrimination in addition to the olfactory memory component of the task (Fig. 8C) . Mice   FIG. 8 . Assessment of motor coordination and locomotor activity. Latency to fall from rotarod apparatus (A) and infrared beam breaks made in locomotor activity cages (B) in 12-month-old mice. The rotarod data were from the test day following 2 training days, as detailed in Materials and Methods. Data are the mean values for each mouse line (Ϯ SEM) for eight animals per group. Memory functioning in 6-and 12-month-old mice was assessed with the STFP olfactory memory paradigm. To assess basic olfactory functioning, mice were presented with a choice between familiar plain food and the same food mixed with a novel odor, and the percentage of mice with a preference for the familiar plain food was calculated (C). In the social interaction session, test mice were able to interact with sedated demonstrator mice that had consumed powdered food mixed with one of four possible odors (cued food) less than 1 h previously. The data show the time spent by the observer mice in close proximity to the mouths of the demonstrator mice, which has been shown to be critical to the learning process (D). At 24 h following the social interaction, the test mice were presented with a choice between the cued food eaten by the demonstrator mice and a novel food with an odor not previously encountered (uncued food). The data show the total amount of food consumed (E) and the percentage of mice with a preference for the cued food (F). The data are the means Ϯ SEM for 12 animals per group. 8D ). Twenty-four hours after the demonstrator-observer social interaction, the test mice underwent a discrimination task to examine the extent to which food preference was determined by the memory of the cued food encountered on the breath of the demonstrator mice. Mice were presented with a choice between equal quantities of the cued food and a novel scented food, neither of which had been previously experienced by the mouse. While 6-month-old mice of all genotypes exhibited a robust and continuing preference for the cued food in the memory test, at 12 months of age the tau V337M , APP V717I -CT100, and combined tau V337M ϫ APP V717I -CT100 groups failed to demonstrate a food preference (Fig. 8F ). This pattern of data was reflected by a significant main effect of genotype (F 3,88 ϭ 4.17; P Ͻ 0.01) and age (F 1,88 ϭ 7.02; P Ͻ 0.001). In addition, the effects of genotype and age on cued food preference were not associated with concomitant changes in total food consumption ( Fig. 8E) . Taken together, the data obtained in the STFP task suggest specific age-related effects of the tau V337M and APP V717I -CT100 transgenes on olfactory memory function, leading to deficits in this aspect of cognitive functioning in the tau V337M , APP V717I -CT100, and combined tau V337M ϫ APP V717I -CT100 mice.
DISCUSSION
We have utilized novel transgenic mouse models for FTDP-17 and AD to examine differential mechanisms of tau phosphorylation and putative molecular links between abnormal tau and APP C-terminal fragment processing. Analyses of the tau V337M mouse by immunohistochemistry revealed evidence of accumulations of phosphorylated tau, and Bielschowsky silver staining indicated the presence of neurofibrillary tangles in specific brain regions. Expression of the APP V717I -CT100 transgene was associated with deposition of A␤ in the form of diffuse, noncongophilic extracellular plaques from 6 months of age. As in humans bearing the APP V717I mutation (36) , a preponderance of the A␤ 1-42 isoform was identified. The combined tau V337M ϫ APP V717I -CT100 mice showed very similar spatial patterns of A␤ burden, extracellular plaque formation, and phospho-tau and neurofibrillary tangle formation when compared to the single transgenic strains. Additionally, neither the tau V337M nor the combined tau V337M ϫ APP V717I -CT100 mice showed evidence of motoric impairment or sickness up to 12 months of age. This is in marked contrast to mice expressing other FTDP-17 mutations, which begin to show profound motor disturbances from 4 to 5 months of age onward (32) . The reason(s) for the absence of motoric deficits is at present unclear (though it is likely to be related to the nature of the specific tau mutation and/or promoter construct in determining the extent of hindbrain damage) (1, 32, 49) , but this outcome has obvious advantages for the present work, where we were able for the first time to examine progressive, age-related effects on cognitive function in these models.
To compare the nature and extent of tau phosphorylation in the transgenic lines, we utilized a quantitative Western blotting approach using phospho-specific antibodies, which enabled a parallel analysis of tau kinase activity status and the degree of tau phosphorylation at consensus sites. Our data provide evidence for the existence of distinct mechanisms mediating the abnormal phosphorylation of tau in FTDP-17 and AD. In the first situation, associated with the FTDP-17 tau V337M mutation, human tau phosphorylation occurred at MAPK consensus sites in the absence of concomitant change in kinase activity status. In the second situation, related to the presence of human APP V717I -CT100, augmented tau phosphorylation at these same sites was identified in combination with specific MAPK activations. The observation of tau phosphorylation in the FTDP-17 model without any accompanying change in tau kinase activities may be explained by a possible effect of the V337M mutation on the conformation of tau. Hence, putative structural modifications within the tau protein may have allowed greater access to an unaltered basal level of MAPK activity and facilitated a hierarchical phosphorylation cascade (26) .
The mechanism(s) underlying the phosphorylation of tau in the FTDP-17 tau V337M mouse without concomitant changes in kinase activity can be contrasted with the influence of the APP V717I -CT100 fragment on the phosphorylation status of the MAPKs. Here, as evidenced by data from the combined tau V337M ϫ APP V717I -CT100 mice, the hyperphosphorylation of human tau at MAPK consensus sites was accompanied by activations of members of the MAPK family, specifically, elevations of ERK, p38, and JNK phosphorylation at 6 and 12 months of age. As this pattern of MAPK activations was mirrored precisely in the single APP V717I -CT100 mice, we conclude that the expression of APP V717I -CT100 or a subsequently produced fragment of the APP-CT100 transgene was responsible for the MAPK activation. The exact identity of the APP C-terminal fragment(s) stimulating MAPK activity remains unknown. Many C-terminal fragments of APP have been shown to be neurotoxic (28, 45) , including A␤ and APP-CT100, both of which are present in our mouse model. Gotz and colleagues showed increases in neurofibrillary tangles following injections of A␤ fibrils into the brain of P301L mice (18) . However, in our work, while the pattern of tau phosphorylation in the tau V337M ϫ APP V717I -CT100 mice was age related, the levels of brain A␤ remained relatively constant over age, suggesting in turn The data also suggest that members of the MAPK family may have different contributions to play in tau phosphorylation over time. In our model, ERK activation status increased at early stages and subsequently declined in accord with data obtained using the Tg2576 Swedish mutant APP transgenic mouse (7) . It was of particular note that phosphorylation at tau S 422 , a marker for tau neuropathology (20) was not detectable until 12 months of age and that this change coincided with an age-dependent increase in JNK activity. These data were especially interesting, not only because they recapitulate the involvement of this tau phosphorylation site in a mouse model but also because the tight temporal relationship suggests the possibility of a specific causal linkage between phosphorylation of tau at S 422 and JNK activity occurring in vivo. The extent to which these data bear on the time course of similar molecular changes in AD remains an important question.
Somewhat surprisingly given the previous evidence obtained in cell-free systems and neuronal cell lines, the present studies did not corroborate a role for GSK-3␣␤ in the hyperphosphorylation of tau. We did detect the presence of tau phosphorylation at S 199 , which is a consensus site for GSK-3␣␤, but this was at levels that were unchanged between transgenic and wild-type animals, suggesting that in this case phosphorylation at S 199 was related to the normal physiological regulation of tau. In addition, a lack of change in the activity of GSK-3␣␤ was identified by assessing its phosphorylation at the regulatory sites S 21/9 and Y 279/216 . Our negative findings are consistent with in vivo data involving the use of the GSK-3␣␤ inhibitor, lithium, which failed to prevent tau hyperphosphorylation in rabbits injected with aggregated A␤ (12) . Furthermore, it is of significance to the present study that work by colleagues at the Babraham Institute has provided equivalent data, indicating increases in activity of the MAPKs but not GSK3-␣␤ in studies of postmortem brain tissue from human AD subjects (47) . Specifically, an increase in the activity of both p38 and JNKs was observed in both the transgenic mice and postmortem brain tissue. In addition, a similar pattern of tau phosphorylation was also identified. However, it would be premature to exclude a role for GSK-3␣␤ in the pathological phosphorylation of tau in vivo, since it is possible that it may act via mechanisms that have not been investigated in the present study. In particular, Yuan et al. (56) have demonstrated that Ser 9 -phosphorylated GSK-3␤ can phosphorylate tau by forming a complex with the phosphoserine binding protein 14-3-3 in transfected cells. It is therefore possible that in our model, tau may also be phosphorylated by GSK-3␤ via this mechanism. Moreover, GSK-3␣␤ may feature in AD progression by its involvement in other pathways. For example, a recent report has shown evidence that lithium reduces A␤ production both in cultured cells and in the brains of mice that overproduce A␤ peptides through the inhibition of GSK-3␣ (37) . In addition, lithium has been shown to block the activation of a c-Jun stress response to trophic withdrawal via inhibition of GSK-3␣␤ (22) . A further possibility that our work has not investigated is that the pattern of tau phosphorylation may have involved, in part, changes in the activity of protein phosphatases. In this regard, it is of note that the activities of both PP1 and PP2A have been shown to be decreased in AD brain (17) and that a number of the FTDP-17 mutations, including V337M, induce a decrease in the binding affinity of tau for PP2A in vivo (16) .
The cognitive effects of the molecular changes identified were assessed using the ethobiological STFP olfactory memory paradigm, which has been previously utilized in mice overexpressing the neuropeptide galanin, shown to be up-regulated in AD (44, 55) . The data indicated age-related effects of both the tau V337M and APP V717I -CT100 transgenes on memory functioning. Thus, tau V337M , APP V717I -CT100, and combined tau V337M ϫ APP V717I -CT100 mice all demonstrated olfactory memory functioning not significantly different from that of wild-type littermates at 6 months of age, but at 12 months of age all three transgenic lines showed significant memory impairment. The impairment in memory functioning was found to occur in the absence of differences in basic olfactory functioning or overall food consumption and was, as noted previously, not confounded by changes in sensorimotor functions. In addition, during the STFP assay no differences were identified in the time spent by the test mice in contact with the conspecific, indicating that memory impairment was unlikely to be the result of prior effects on learning. The data failed to provide any evidence to suggest that memory impairment in the combined tau V337M ϫ APP V717I -CT mice was greater than in mice expressing the single tau V337M and APP V717I -CT100 transgenes. In fact, revealing such an effect may be problematic using this task due to floor effects insofar as all transgenic groups were close to chance performance. However, cognitive dissociations between the transgenic models may emerge by using different behavioral tests. There are a number of reports of cognitive effects in transgenic mouse models for dementia, often involving the Morris water maze (e.g., references 23, 35, 50, and 53). The present data extend these findings into the nonspatial olfactory domain, which has not previously been investigated in FAD or FTDP-17 transgenic models.
It was of interest that, while molecular changes in both APP-CT100 and tau (in terms of A␤ production and deposition and abnormal tau phosphorylation) were found to be present in mice at 6 months of age, no memory deficits were found in either the tau V337M , APP V717I -CT100, or tau V337M ϫ APP V717I -CT100 mice until 12 months of age. These findings would suggest that early changes in molecular amyloid and tau neuropathology in the brain were present in advance of cognitive deficits. It is also of note that, although evidence of neurofibrillary tangles was identified in tau V337M and tau V337M ϫ APP V717I -CT100 at 12 months of age, these were confined to the brainstem and as such were unlikely to have had effects on cognitive functioning (at least in terms of the known brain circuitry mediating the STFP task). In addition, although diffuse A␤ plaque formation was identified, there was no evidence of congophilic dense-cored plaques in the APP V717I -CT100 or tau V337M ϫ APP V717I -CT100 mice. As such, it would appear that in the models described here, there was a dissociation between neurofibrillary tangle and/or congophilic plaque formation and cognitive decline, as has been found to be the case in several other dementia models (9, 29, 35) . Hence, the precise mechanism(s) by which the changes observed at the molecular level may induce cognitive impairment, as indexed by the STFP, is undefined as yet and may involve abnormal changes in neuronal plasticity and/or actual cell death. To conclude, we have obtained data that suggest distinct molecular routes to abnormal tau phosphorylation in models of FTDP-17 and AD and in addition provide evidence that tau irregularities in AD may be linked to the processing of APP C-terminal fragments via specific effects on MAPK function. Our findings highlight a major role for MAPK signaling pathways, key mediators of both neuronal plasticity (34) and cell death (52) , in the hyperphosphorylation of tau. On this basis, interventions using selective MAPK inhibitors may in theory be capable of ameliorating the progression of neurofibrillary pathology in diseases such as AD.
